Review of Saddoris et al.
Determining why a relatively small percentage of the many individuals who experiment with drugs of abuse go on to develop substance abuse disorders is an important area of investigation. Understanding the neurobiological and psychological factors underlying the transition from casual drug use to addiction is critical for developing effective treatments. Animal models have helped researchers identify the actions of drugs of abuse and the processes underlying addiction, particularly how drug-associated stimuli come to instigate drug seeking, promote use, and trigger relapse following abstinence (Robinson and Berridge, 1993) .
Decades of research have indicated that most drugs of abuse influence the actions of the mesolimbic dopamine system within the nucleus accumbens (NAc). Dopamine facilitates reward learning and the attribution of motivational value to relevant stimuli in the environment (Flagel et al., 2011; Steinberg et al., 2013) , a phenomenon known as incentive salience attribution (Robinson and Berridge, 1993) . There is remarkable individual variability in the propensity to attribute incentive salience to reward-paired stimuli. Consequently, those that attribute incentive salience are more likely to reinstate reward-seeking behaviors following presentation of a previously reward-paired stimulus, particularly drug-associated stimuli, making abstinence from drug use incredibly difficult (Saunders and Robinson, 2010) .
In a recent issue of the Journal of Neuroscience, Saddoris et al. (2016) examined how exposure to cocaine alters individual variability in the attribution of incentive salience to reward cues, and the relationship between this phenomenon and dopamine transmission in the NAc. In this study, water-restricted rats were trained to lever-press for either intravenous cocaine or for delivery of water in a reward port over the course of 14 d. Then, after 1 month of forced abstinence, rats learned a Pavlovian discrimination task in which the presentation of a light-tone cue predicted the delivery of a sucrose reward. After rats learned the Pavlovian task, carbon fiber microelectrodes were implanted in the NAc core or shell subregions, to enable near real-time detection of dopamine release using fast-scan cyclic voltammetry during the final session of the Pavlovian task. Importantly, this allowed the authors to directly compare the impact of cocaine history on real-time dopamine release in NAc core and shell during performance of the Pavlovian task.
Pavlovian conditioning is often used to screen for individual variation in the propensity to attribute incentive salience to reward-associated stimuli. Some individuals, called "sign-trackers," attribute incentive salience to cues (i.e., find them motivationally attractive) and will vigorously approach and interact with a cue (Hearst and Jenkins, 1974) . Other individuals, termed "goal-trackers," will instead approach the site of reward delivery upon cue presentation; for these individuals, the cue is purely a predictive stimulus (Boakes, 1977) . Notably, drug history can bias animals toward a sign-tracking response, even when they may have originally had a predisposition to goal-track (Doremus-Fitzwater and Spear, 2011; Palmatier et al., 2013; Srey et al., 2015) . Consistent with these findings, Saddoris et al. (2016) showed that rats with a history of cocaine self-administration were more likely to sign-track to a Pavlovian cue, whereas rats that self-administered water primarily goal-tracked. These data suggest that cocaine experience increases the propensity to attribute incentive salience to reward-paired cues in the future, even for cues paired with rewards other than cocaine.
There are, however, important limitations to consider in the interpretation of these findings. Saddoris et al. (2016) did not identify rats as sign-and goal-trackers in a Pavlovian task before self-administration, which would have identified inherent sign-and goal-tracking tendencies.
Only then could the experimenters have directly attributed changes in Pavlovian conditioned responses to the impact of cocaine history. Additionally, the authors did not test whether cocaine exposure itself is sufficient to produce these results, which is an important caveat for two reasons. First, it is unclear whether rats injectedwithcocaine,withoutself-administration experience, would also be more prone to attribute incentive salience during later Pavlovian tasks. The inclusion of a yoked-cocaine control, a group that received the same pattern of cocaine infusion without performing an instrumental action, would have helped clarify the author's interpretations and elucidate whether these findings are related to the self-administration experience or to the pharmacological actions of cocaine itself. Second, the shift toward sign-tracking behavior may have resulted from neural plasticity changes happening during the abstinence period, rather than effects of cocaine itself.
Previous work has shown that dopamine transmission in the NAc core is linked to, and necessary for, the acquisition and expression of sign-tracking behavior (Flagel et al., 2011; Saunders and Robinson, 2012) . Similar to these findings, Saddoris et al. (2016) confirmed that cue presentation elicits a large dopamine efflux in the NAc core in control signtrackers but not control goal-tracking rats, the groups that self-administered water during the first part of the experiment. Interestingly, in contrast to control signtrackers, cocaine-experienced sign-trackers showed very little dopamine release in response to the cue but had an exaggerated response to reward delivery (Saddoris et al., 2016, their Fig. 8 ). The observed dopamine responses are perplexing as they are not easily explained by current models of learning. First, if the signals were a reward prediction error signal (i.e., the value of the reward is able to facilitate learning about the cue-reward relationship), we would expect increased responding to cue presentation across trials and days. However, these signals are observed when learning is not ongoing as animals are well trained on the task, suggesting that they do not serve as a reward prediction error. Second, a majority of cocaineexperienced rats developed a sign-tracking response, even though these animals did not exhibit dopamine release to cue presentation in the NAc core that is thought to be necessary for the development and performance of this response. This "uncoupling" of phasic dopamine release in the NAc from cue presentation in cocaine-experienced sign-trackers raises interesting possibilities about the role of dopamine in incentive salience attribution following cocaine experience. Cueevoked dopamine efflux in the NAc core begins to diminish with extended Pavlovian training, whereas sign-tracking behavior remains robust, raising the possibility that dopamine signaling may shift to different striatal regions over time (Clark et al., 2013) . Because this standard dopamine signature was still observed in control sign-trackers, one of many possible interpretations of these results is that cocaine exposure accelerated the diminishment of NAc core dopamine signals in sign-trackers and shifted this signal to dorsal striatal regions. In the current study, dopamine release was measured during a single session late in Pavlovian training, after sign-tracking was stable. Thus, it is possible that experimenters missed the evolution of the typical NAc dopamine signature to cue presentation in cocaine-experienced sign-trackers. Indeed, Willuhn et al. (2012) observed a similar decrease in dopamine release in the NAc in response to drug-cue presentation following prolonged cocaine selfadministration, and a concomitant increase in drug-cue dopamine signaling in the dorsal striatum (Willuhn et al., 2012) . However, with dopamine measurements occurring at only one time point in the current study, it is difficult to conclude the origins and implications of diminished dopamine release in response to the cue in the NAc core of sign-trackers following cocaine exposure.
Another finding meriting further discussion concerns the patterns of dopamine release observed in the NAc shell, as it follows a pattern separable from the NAc core. For control sign-trackers, cue presentation resulted in dopamine release that remained elevated throughout its presentation, which is in contrast to the brief dopamine release to cue presentation in the NAc core. Control goaltrackers exhibited low levels of dopamine release in the NAc shell to the cue, and dopamine release was highest for reward delivery, a pattern that resembled release in the NAc core (Saddoris et al., 2016, their Fig. 9 ). These results indicate that dopamine release in the NAc shell follows a pattern distinct from release in the NAc core during sign-tracking behavior in control rats. These findings raise an important question: what is encoded by NAc shell dopamine signaling? Evidence suggests that pharmacologically increasing dopamine in the NAc shell enhances the ability of reward-predictive cues to invigorate ongoing reward-seeking (Peciña and Berridge, 2013) , suggesting that NAc shell dopamine encodes an incentive motivational signal. This hypothesis is supported by the current findings, which show elevated NAc shell dopamine levels throughout the entire cue period for signtrackers only. If NAc shell dopamine is related to the incentive motivational properties of reward cues, then one would expect the signal to persist and be prevalent in drug-experienced sign-trackers. However, neither sign-nor goal-trackers with a history of cocaine experience exhibited dopamine release in the NAc shell during either cue presentation or reward delivery. This phenomenon is hard to interpret because the characteristics of dopamine in the NAc shell during the acquisition and ongoing expression of sign-and goal-tracking behavior are almost completely unknown. Determining the functional implications of dopamine signaling in NAc shell, and the significance of its loss following cocaine experience, remains an important question.
In conclusion, the results of Saddoris et al. (2016) highlight alterations in phasic dopamine release events in the NAc to reward-paired cues following cocaine exposure. Future research is needed to determine whether these signals are indeed aberrant or pathological, primarily through a better understanding of dopamine's function in normal conditions. Interestingly, the development of a sign-or goal-tracking phenotype promotes differing adaptations throughout the mesolimbic dopamine system, most prominently in the NAc (Flagel et al., 2007; Singer et al., 2015) . The mechanisms underlying these adaptations remain to be elucidated. In addition, the possibility that differences in glutamatergic signaling converging on the nucleus accumbens, such as inputs from the amygdala, prefrontal cortex, and paraventricular thalamus, mediate these individual differences in rewardrelated behaviors should be explored. The study of individual differences in the attribution of motivational value to rewardassociated stimuli and its intersection with sophisticated models of psychiatric disorders is ripe for exploration, and we are enthusiastic for future developments made possible by this work.
